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INTRODUCTION 
Radiographic inspections are required for all pressure hull welds in submarines to 
ensure that the weld metal meets or exceeds the acceptance standards [1]. Radiography has 
remained the dominant weld inspection technique in the Navy because the technique is 
sensitive to the discontinuity types of interest and because the radiographic technique produces 
a permanent record of the weld inspection. 
In 1989, a study showed that ultrasonic (UT) weld inspections are an acceptable 
alternative to radiographic inspections [2]. Additional work was performed by DeNale and 
Lebowitz [3] to further investigate the application of computer assisted ultrasonics in weld 
inspections. Two conclusions were reached from the investigation: I) computer assisted 
ultrasonic inspections enhance the ability of an experienced operator to detect and correctly 
dispose rejectable weld metal discontinuities, and 2) operator experience impacts the number 
of correctly disposed discontinuities. The difference in the ability to correctly dispose weld 
discontinuities was attributed to operator experience interpreting the computer generated 
images of the weld discontinuities [4]. 
A completely automated ultrasonic inspection system can address the discrepancy 
between inspector interpretation of computer generated ultrasonic images. Elements critical to 
an automated ultrasonic inspection system are: 1) automated scanning equipment, 2) computer 
assisted ultrasonic instrumentation, 3) computer implementation of an ultrasonic acceptance 
criteria, and 4) permanent record of the inspection results. The objective of this work was to 
develop an automated ultrasonic system capable of locating, sizing, and classifying 
discontinuities located in hull welds. In addition, this system was developed to perform a 
computer implementation of the UT acceptance criteria requirements defined in NA VSEA 
0900-LP-006-30 I O. 
PROCEDURE 
Approach 
The Naval Surface Warfare Center has developed a knowledge-based nondestructive 
evaluation (KBNDE) system to automate the interpretation of ultrasonic weld inspections. 
This system can examine recorded ultrasonic data to determine the location of potential 
discontinuities in the material, size the discontinuities, employ an artificial neural network to 
classify the disclosed discontinuities, and apply an acceptance criteria. Structurally, the 
KBNDE system comprises three components: 1) the Acceptance Criteria module, 2) the 
Classification module, and 3) the Graphical User Interface. 
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Both the Acceptance Criteria module and Classification module were implemented in 
C source code and linked to the Graphical User Interface via a Dynamic Link Library [5]. 
The Acceptance Criteria module performs detection of the discontinuity in the material, sizing 
of the discontinuity using time-of-flight-diffraction ultrasonics [6], and application of an 
acceptance criteria based on the acceptance criteria outlined in NA VSEA 0900-LP-006-30 I 0 
"Ultrasonic Inspection Procedure and Acceptance Standards for Hull Structure Production and 
Repair Welds" [7]. The classification module performs digital signal processing of the 
ultrasonic signatures and classifies the discontinuities using a back-propagation, artificial 
neural network developed using NeuralWorks* Professional II/Plus [8,9]. 
The Graphical User Interface provides the framework for the Knowledge-based NDE 
system, displaying both technical and graphical information about the inspected welds. 
Microsoft~ Visual Basic™ [10] was selected for development of all window displays in the 
KBNDE Graphical User Interface (GUI). The GUI supports user definition of project files, 
access to analysis routines, and graphical presentation of C-Scans, classification results, and 
acceptance criteria results. 
Discontinuity Sizing 
The military standard, MIL-STD-27IF [11], requires the use of amplitude changes in 
the pulse-echo method for determining the length of weld discontinuities. In addition, 
NAVSEA 0900-LP-006-30IO further requires the use of amplitude changes in the pulse-echo 
method as a basis for locating and sizing weld discontinuities. Based on an evaluation of 
various ultrasonic sizing techniques, the Electric Power Research Institute (EPRI) reported 
limitations in the ability of the pulse-echo ultrasonic technique to accurately measure 
discontinuity dimensions [12]. EPRI's investigation included four pulse-echo amplitude base 
sizing methods: 6 dB drop, 50% Distance Amplitude Correction (DAC), 20% DAC, and 20% 
DAC with beam-spread correction. In general, the defects were significantly oversized by all 
of the sizing techniques based on DAC levels, including beam-spread correction. Additional 
studies by Forli and Pettersen [13] demonstrated similar results, concluding that there is no 
strong correlation between echo amplitude and defect height. 
In 1990, DeNale [6] demonstrated that time-of-flight-diffraction ultrasonics (TOFD) is 
capable of locating and sizing discontinuities to ± 1 mm. By knowing the velocity of the 
sound in the material, and the difference in time between the surface reflected wave and the 
tip diffracted wave, the discontinuity distance below the surface can be measured. By 
determining the time difference between subsequent diffracted signal, a measure of the 
discontinuity height can be obtained. Time-of-flight-diffraction ultrasonics was selected for 
discontinuity sizing in the Knowledge-Based NDE system. 
Artificial Neural Networks 
The acceptance criteria for ultrasonic weld inspection of Navy vessels is based on the 
signature amplitude, the discontinuity length, and the proximity of neighboring discontinuities. 
Because no attempt is made to classify the defects using ultrasonics, the technique rejects 
benign defects which would be considered acceptable using standard radiographic weld 
inspection methods [3]. One objective of the KBNDE system was to demonstrate the 
capability to classify the recorded ultrasonic signatures. Classification of the UT signatures in 
the KBNDE system was achieved using a fully connected, feed forward, back-propagation 
neural network [14], employing a normalized cumulative delta learning rule and a hyperbolic 
transfer function. Ultrasonic signatures from known planar and volumetric discontinuities 
were used to develop and train the artificial neural network. 
UT Acceptance Criteria 
The acceptance/rejection criteria for a manual ultrasonic weld inspection is outlined in 
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Section 7 of NAVSEA 0900-LP-006-3010 [7]. The acceptance/rejection criteria is applicable 
to production tee welds and Class I-III full penetration butt welds. A discontinuity in a full 
penetration butt weld or comer weld (Class I) is accepted or rejected based on: I) the 
amplitude of the ultrasonic signature from the discontinuity, 2) the length of the discontinuity, 
and 3) the proximity of the discontinuity to neighboring indications. 
A high-level programming language was selected for computer implementation of the 
UT acceptance criteria. The source code was written in Borland" C++, Version 3.1 [IS], and 
compiled as a Dynamic Link Library. The structure and design of the source code was based 
on a detailed flow diagram of the UT acceptance criteria, see [16]. During the inspection 
process, information about each weld discontinuity is stored in a dynamic data structure. A 
flaw record is associated with each unique discontinuity in the dynamic data structure, and 
defines the length and classification of the discontinuity in the weld metal, and whether the 
discontinuity is acceptable or rejectable. The dynamic structure also stores the weld 
coordinates (X,Y,Z) occupied by the discontinuity relative to the (0,0,0) coordinate of the 
automated scanner, where X is the weld length coordinate, Y is the weld width coordinate, 
and Z is the depth coordinate (in millimeters). In addition, the amplitude and the classification 
of the UT signature at each coordinate is recorded in the flaw record. 
KBNDE System 
The prototype, KBNDE Version 1.0, runs on IBM·, PS/2· or AT compatible computers 
operating under Microsoft· Windows™ Version 3.1. The GUI interface provides the following 
user control of the KBNDE system: I) selection of KBNDE project files, 2) access to routines 
to interpret the RF data, 3) display of technical information about the UT inspection, 4) 
graphical review of the ultrasonic C-scans, discontinuity classifications, and acceptance 
criteria, and 5) access to utilities to print hard copy maps of the ultrasonic inspection. 
The GUI exchanges information with data stored in a KBNDE project file. Technical 
information in the project file is written in the American Standard Code for Information 
Interchange format. Each project file contains basic header information about the UT 
inspection (Weld Identification, Inspection Equipment, Material Composition, Inspector, 
Material Thickness, Date of Inspection, Weld Inspection Length, Transducer Characteristics, 
Weld Inspection Width) and contains a detailed report of the acceptance criteria results for the 
weld inspection, summarizing the location of all acceptable and rejectable discontinuities in 
the material, along with the size and classification of the discontinuities. 
RESULTS 
Classification 
A steel weld containing lack of fusion defects (planar) and a block with side drilled 
holes (volumetric) was inspected using time-of-flight-diffraction ultrasonics. A total of 34 
diffracted ultrasonic signals representing planar and volumetric discontinuities were collected 
and examined using the Signature Classification Development System [17] (a detailed 
description of the specimens and inspection procedure is given in [18]). Based on the physical 
characteristics of the observed power spectra the following four feature parameters were 
selected for classification of the signature: the mean (11), variance ((J2), coefficient of skewness 
(Yt), and coefficient of kurtosis (Y2). 
Classification of the UT signatures was performed using a three-layer, back-
propagation neural network. A total of four input nodes were used, one for each feature 
parameter. Five nodes were introduced at the hidden (second) layer and at the output layer a 
separate node was assigned to each discontinuity type, planar and volumetric. The range of 
values at the output nodes were defined over the continuous interval 0 - 1. Twenty-two 
signals were randomly selected from each of the two sample populations as the training set for 
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the artificial neural network. The remaining 24 signatures were designated as a test set to 
evaluate the performance of the artificial neural network after training. 
The training set was presented to the neural network for a total of 11,331 iterations. 
Thresholds were arbitrarily preselected at 0.85 and 0.15 for discontinuity classification. For 
the training set, a classification accuracy of 100% was achieved by the neural network. After 
the neural network was trained, the remaining 24 signatures were presented to the network for 
discontinuity classification. The test set also achieved a classification accuracy of 100%. The 
trained neural network was implemented in C source code and integrated into the KBNDE 
Classification module. 
KBNDE System 
The GU! for the KBNDE system was designed to aid the scientist/technician in 
reviewing technical results about an ultrasonic weld inspection. From the main menu of the 
KBNDE system the user can select various options (New Project, View Graphics, Analysis, 
Utilities) to manipulate and review the results summarized in a project file. Appropriate menu 
options are enabled and disabled as the user progresses through the logical steps of the 
KBNDE system. Use of the KBNDE system requires selection of the UT data file for 
analysis, defining the signature gate, selecting the KBNDE analysis procedures, and 
graphically reviewing the results. 
The New Project option (main menu) will open a window from which the user can 
specifY a data file (containing the RF signatures) for analysis. After the RF filename is 
entered, the Project Data Advanced window is displayed, as shown in Figure 1, which 
summaries technical information about the inspection. Modifications made to the technical 
information by the user are permanently stored in the project file. 
During the analysis process, only the data specified within the signature gate is 
evaluated for discontinuity detection, sizing and classification. The Project Gate window (not 
shown) permits the user to define either an interface or fixed gate for the signatures. The 
interface gate has a length (in microseconds) specified by the user, and siarts at the data point 
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Figure 1. KBNDE Project Data Advanced window displaying technical information about the 
project. 
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where the RF signature decays to the Disregard Level [7]. To allocate a fixed gate, the user 
must input the starting and ending data points for the gate. If necessary, the system allows the 
user to review the RF signatures in the data file to properly establish the gate limits. 
After defining the signature gate, the Analysis window may be accessed through the 
main menu, permitting the user to indicate which KBNDE analysis routines to execute: I) 
3010 Acceptance Criteria, 2) Classification, and 3) Generate Color Images. In addition, the 
user may specifY the scale for the color bitmaps, where the scale specifies the number of 
pixels represented by each (X,Y,Z) coordinate in the scan. 
After analysis of the RF data, the user may review the results in the KBNDE Graphics 
window. Two images are available in the KBNDE Graphics window as shown in Figure 2. 
Either a plan view or a side view of the inspected weld can be displayed in either of the two 
image areas. The user can switch from a plan to side view by double-clicking the mouse 
pointer anywhere within the image area. Both vertical and horizontal scroll bars are available 
to position the color image in the viewing area. 
The KBNDE Graphics window permits the user to select one of three possible bitmap 
files to be displayed in each image area: I) the C-scan 2) the Classification results or 3) the 
Acceptance Criteria results. A color coded legend is displayed below the graphical images for 
proper identification of the discontinuity types when examining the classification results. 
Currently, the neural network only classifies planar and volumetric type discontinuities. 
Planar discontinuities are assigned to the discontinuity type Crack, and volumetric 
discontinuities are assigned to the discontinuity type Porosity. For the 3010 Acceptance 
Criteria results, acceptable discontinuities are displayed in green, whereas rejectable 
discontinuities are displayed in red. 
While reviewing the C-scan Plan View the user can further examine the RF signature 
associated with each (X,Y) coordinate in the color image. By clicking the mouse at a (X,Y) 
coordinate in the Plan View the corresponding ultrasonic RF signature will be graphically 
displayed with the abscissa defined in microseconds and the ordinate defined in millivolts. 
The physical location of the weld coordinate (in mm) for the RF signature is calculated and 
displayed below the axis as shown in the Figure 2. Lastly, by selecting the Print option from 
the graphics main menu a grey scale representation or color image will be generated and sent 
to the printer. 
Case Study 
During development, the KBNDE system was tested on flush ground HY-80 welds 
and on various laboratory specimens. The test results for a notched specimen, ultrasonically 
inspected· using the TestPro™ system, is shown graphically in Figures 2 and 3, where the 
resolution of the color pixels in the graphical image is 1 mm. The notched specimen, 
machined from HY-80 material, contained a 3 mm vertical electric discharged machine notch 
(EDM) through the width of the material at a depth of 10 mm. 
The KBNDE system computed a notch height of 3 mm, a depth of 12 mm, and a 
width of 7 mm. The inaccuracy in the computed notch width is due to the ultrasonic beam 
spread and to the set-up configuration of the automated inspection system. The TOFD 
ultrasonic sizing algorithms and the location algorithms in the KBNDE system are sensitive to 
the ultrasonic system parameters from which the data was collected. Currently, no certified 
calibration procedure is available for the TestPro™ system using immersion UT and TOFD UT 
sizing. Additional experimentation is necessary to establish the proper TestPro™ parameter 
settings necessary to yield a discontinuity width sizing accuracy within ±I mm which also 
preserves the amplitude calibration procedures in NAVSEA 0900-LP-006-3010. 
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Figure 2. KBNDE Graphics window displaying C-Scan and the Acceptance Criteria results 
for an Electric Discharge Machine notched specimen. 
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for an Electric Discharge Machine notched specimen. 
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The acceptance criteria algorithm rejected the discontinuity based on the overall length 
of the discontinuity. As visible in the side view, portions of the direct reflected wave from the 
water/specimen interface were interpreted as originating from a valid discontinuity. The 
acceptance criteria algorithm grouped the indications from the reflected interface wave with 
the indications from the EDM notch. The combined indications yielded an overall 
discontinuity length of 39 mm. Additional refinements to the KBNDE detection algorithm are 
needed to improve the isolation and removal of the interface direct reflected wave from the 
data before the analysis is conducted. 
Classification results for the specimen are shown in Figure 3. The artificial neural 
network assigned both classes, porosity (volumetric discontinuity) and crack (planar 
discontinuity), to the ultrasonic signatures from the notch. Even though the specimen is 
representative of a planar discontinuity, the I mm separation between the side faces of the 
EDM notch produced a sustained discontinuity signature which is more representative of a 
volumetric discontinuity. At locations where the discontinuity signature contained little energy 
(short duration with a concentrated frequency content) the neural network classified the 
signature as representing a planar discontinuity. As for the captured portions of the interface 
direct reflected wave, the neural network interpreted these short duration signatures as a crack 
indication. Note that the signatures from the EDM notched specimen were not used in the 
development of the artificial neural network for discontinuity classification. 
CONCLUSION 
The overall objective of this project was to demonstrate the current state of technology 
to automatically evaluate ultrasonic data. The KBNDE system is a prototype with the 
capability to automatically locate, size, and classify discontinuities. In addition, this system 
was developed to perform a computer implementation of the acceptance criteria requirements 
defined in NA VSEA 0900-LP-006-30 I o. Examination of laboratory specimens has 
demonstrated the stated objectives of the KBNDE system; however, enhancements to the 
system are necessary to improve the sizing and classification accuracy of the disclosed 
discontinuities. Currently, the system tends to oversize the discontinuity size which implies 
that the acceptance criteria results will be conservative. None-the-less the prototype provides 
a system that is capable of analyzing ultrasonic data and producing results that are fully 
documented and repeatable. 
FUTURE WORK 
System Calibration and Sizing Accuracy - The sizing accuracy of the system is 
limited by the calibration of the system and the depth of the defect in the material. Accurate 
sizing of each defect is based on the TOFD ultrasonics and is sensitive to the beam angle and 
beam spread of the transducers. Ideally, a two stage automated system using focused 
transducers should be implemented to achieve improved performance. The first inspection 
stage would determine the location of the discontinuities in the material. The second stage 
would perform an inspection at each unique discontinuity location for improved sizing and 
classification accuracy. Prior to the second inspection the automated system would select the 
correct beam angle, transducer separation, transducer stand-off distance, and TOFD model to 
achieve the optimal sizing accuracy for each discontinuity. 
Complicated Defects - Complicated defect situations may limit the ability of the 
system. For example, a small defect closely located below a large defect may not be properly 
detected or sized. In these cases, an expert system incorporating human knowledge may be 
necessary to interrupt the data in these complicated situations. 
Angle Beam Inspections - Rough surface welds limit the directional properties of the 
sound energy that is transmitted into the weld metal. In addition, beam scatter from an 
irregular weld surface reduces the resolution of the sizing and location algorithms. 
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Implementation of angle beam weld inspection technology will improve this problem, and lead 
to a system with direct field applicability. 
Fitness for Service - The sizing and classification information for each discontinuity 
can be used along with the material properties and finite element stress models to project the 
remaining time/number of cycles prior to failure. 
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